Abstract: Fatty acids such as n-3 and n-6 polyunsaturated fatty acids (PUFA) are critical nutrients, used to improve male reproductive performance through modification of fatty acid profile and maintenance of sperm membrane integrity, especially under cold shock or cryopreservation condition. Also, PUFA provide the precursors for prostaglandin synthesis and can modulate the expression patterns of many key enzymes involved in both prostaglandin and steroid metabolism. Many studies carried out on diets supplemented with PUFA have demonstrated their capability to sustain sperm motility, viability and fertility during chilling and freezing as well as improving testis development and spermatogenesis in a variety of livestock species. In addition to the type and quantity of dietary fatty acids, ways of addition of PUFA to diet or semen extender is very crucial as it has different effects on semen quality in male ruminants. Limitation of PUFA added to ruminant ration is due to biohydrogenation by rumen microorganisms, which causes conversion of unsaturated fatty acids to saturated fatty acids, leading to loss of PUFA quantity. Thus, many strategies for protecting PUFA from biohydrogenation in rumen have been developed over the years. This paper reviews four aspects of PUFA in light of previous research including rumen metabolism, biological roles, influence on reproduction, and strategies to use in male ruminants.
INTRODUCTION
A high male fertility is essentially desirable in ruminant industry to get high quality semen for successful artificial insemination. Since semen quality plays a vital role in higher farm economic profit through the enhancement of conception rate and total annual number of animals born for each herd. Semen quality is however, influenced by many factors such as genetics, management, environment and nutrition. Fatty acids serve as source of energy and are critical components of the physical and functional structure of cells [1] . Polyunsaturated fatty acids (PUFA) such as linoleic acid (LA, 18:2n-6), alpha-linolenic acid (ALA, C18:3n-3), eicosapentaenoic acid (EPA, C20:5n-3), and docosahexaenoic acid (DHA, C22:5n-3) may target reproductive tissues and alter reproductive function and fertility [2] .
Mammalian sperm contains very high proportion of PUFA [3] [4] [5] [6] , especially DHA and docosapentaenoic acid (DPA, 22:5n-3), with species-specific variability in fatty acid contents [7] . Membrane lipid composition of spermatozoa is correlated to specific functions, because it promotes the creation of microdomains with different fluidity and permeability characteristics [8] , required for reaching and fusing with the oocyte [9] . Also, lipid composition of the sperm plasma membrane is a major determinant of mobility characteristics, cold sensitivity, overall viability [10] and membrane integrity [11] . It has been known that PUFA play a key role in the sperm mem-brane fluidity and susceptibility to lipid peroxidation [9] . The n-3 and n-6 PUFA are essential for the reproductive activity representing about 30% to 50% of total fatty acid amount in the membrane of mammal spermatozoa [4] and contribute to regulate fluidity and acrosome responsiveness. Rooke et al [12] noted that an increase of n-3 and n-6 PUFA in the pig sperm membrane from diets resulted in improved spermatozoa characteristics. Similar results were found in bovine sperm [13, 14] , goat sperm [15] and ram sperm [16, 17] , those who demonstrated that the inclusion of PUFA in diets caused the change of fatty acid composition of sperm membrane and increased the quality of fresh or post thawing sperm. Meanwhile, several studies have focused on improving sperm quality in male ruminants by adding PUFA to semen extenders, to reduce sperm cell damage in cooled semen [18] , to improve the fatty acid composition and quality of cooled and frozen-thawed sperm [19, 20] . There are, however, conflicting results among these studies. The probable reasons are due to the variation in type and quantity of dietary fatty acids, especially n-3 and n-6 PUFA as well as difference in PUFA composition of semen and spermatozoa in various species. Lipid and fatty acid composition of sperm cells differ not only for different species [21, 22] but also for different animals [4, 23] . Differences in PUFA composition of sperm may influence the flexibility and compressibility of the sperm membrane [24] . Such properties may affect the ability of the plasma membrane to accommodate the characteristic flagella motion of the sperm [25] . This paper describes the ruminal PUFA metabolism, its role in male ruminant reproduction and takes comprehensive look at the influence of addition of PUFA to diet or extender on the alteration of sperm membrane fatty acid composition and the sperm quality (motility, viability, membrane integrity) as well as the development of testis and sexual hormonal production, simultaneously also points out some necessary strategies to use PUFA more effectively in ruminants.
LIPID AND POLYUNSATURATED FATTY ACIDS METABOLISM IN RUMEN
Early studies of ruminal lipid metabolism were concerned primarily with the fate of fatty acids as they passed through the rumen and were exposed to the microbial population [26] [27] [28] .
Results from these studies indicated that there are two major processes that occur in the rumen, hydrolysis of ester linkages in lipids and biohydrogenation of the unsaturated fatty acids.
In ruminants, when dietary lipids enter the rumen, the initial process in lipid metabolism is the hydrolysis of the ester linkages found in triglycerides, phospholipids, and glycolipids. Dietary lipids are extensively hydrolyzed in the rumen by enzymes such as lipases, galactosidases and phospholipases [29] , produced by bacteria and protozoa, resulting in the formation of free fatty acids and glycerol with little accumulation of mono-or di-glycerides [26, 30] . Glycerol is fermented rapidly, yielding propionic acid as a major end product [31] . Although the extent of hydrolysis is generally high (>85%), but number of factors affect the rate and extent of hydrolysis. For example, the extent of hydrolysis is reduced as the dietary level of fat is increased [32] or factors such as low rumen pH and ionophores inhibit the activity and growth of bacteria [33, 34] .
Biohydrogenation of unsaturated fatty acids is the second transformation that dietary lipids can undergo in the rumen. Hydrogenation occurs on free fatty acids, thus it is necessary that lipolysis has taken place previously and factors that affect hydrolysis also impact biohydrogenation. Unsaturated fatty acids have relatively short half-lives in ruminal contents because they are rapidly hydrogenated by microbes to more saturated end products. The first step in rumen biohydrogenation typically involves an isomerization of the cis-12 double bond to a trans-11 configuration resulting in a conjugated di-or trienoic fatty acid [35] . Next is a reduction of the cis-9 double bond resulting in a trans-11 fatty acid. The final step is a further hydrogenation of the trans-11 double bond producing stearic acid or C18:1 trans-15 [29] . The end-product of hydrogenation of C18 FA is stearic acid. However, when large amounts of n-6 PUFA are available, hydrogenation generally stops before this final step, leading to various cis and trans isomers of monoenoic fatty acid [36] . The most important is trans-vaccenic acid (C18:1).
Most biohydrogenation (>80%) occurs in relation to the fine food particles and this is attributed to extracellular enzymes of bacteria either associated with the feed or free in suspension [35] . The rate of rumen biohydrogenation of fatty acids is typically faster with increasing unsaturation and LA (n-6 PUFA) and linolenic acids (n-3 PUFA) are the major substrates for this process. For most diets, n-6 PUFA and n-3 PUFA are hydrogenated to the extent of 70% to 95% and 85% to 100%, respectively [32, 37] . This extensive level of hydrogenation is reduced when diets high in concentrates are fed, which can be attributed to inhibition of lipolysis at the low pH that is typically observed on these diets [33] . Hydrogenation is also adversely affected when excessive unprotected fatty acids are present in the diet. Therefore, the development of proper strategies for protecting these essential fatty acids from ruminal degradation is very necessary.
BIOLOGICAL ROLES OF LIPID AND POLYUNSATURATED FATTY ACIDS IN RELATION TO MALE REPRODUCTION
Essential component of sperm cell membrane Lipids can be divided into two major groups namely simple and complex lipids depending on the types of products produced upon hydrolysis. Simple lipids are those which yield one or two hydrolysis products per molecule namely, tri-di-and monoglycerides, free and esterified cholesterol and free fatty acids [38, 39] . Complex lipids are dominated by phospholipids which possess a phosphoric acid derivative condensing with one of the 624 www.ajas.info Asian-Australas J Anim Sci 30:622-637 -OH groups of the molecule instead of a fatty acid [40] . The phosphate group may join to a variety of alcohols to produce the following very critical constituents of animal cell membranes which include phosphatidyl inositol, phosphatidyl serine, phosphatidyl choline, phosphatidyl ethanolamine, and sphingomyelin. Phosphatidyl choline is also commonly known as lecithin and phosphatidyl ethanolamine, phosphatidyl serine and phosphatidyl inositol as cephalins. Viability and motility of spermatozoa depends on the integrity of the mitochondrial sheath, of which phospholipids are a major component. If fatty acids in these phospholipids are oxidized by free oxygen radicals, spermatozoa will be damaged [41] and their motility will be impaired [42] .
Phospholipids contain high levels of PUFA with phosphatidyl ethanolamine, phosphatidyl choline and phosphatidyl serine functioning as important constituents of cell membranes [43] . Phospholipids have also been implicated in creating the charge on the plasma membrane with sphingomyelin, phosphatidyl choline and phosphatidyl ethanolamine being neutral and phosphatidyl inositol, phosphatidyl serine and cardiolipin possessing a net negative charge. This poses significant differences in charge between the monolayers of the plasma membrane [40, 44] . Phospholipid content accounts for the highest ratio in total lipid of spermatozoa and varies among species (Table 1) . The phospholipid content of water buffalo spermatozoa and seminal plasma is 0.548 mg/10 9 cells and 0.594 mg/mL, respectively whereas these values in bull are 0.416 mg/10 9 and 1.491 mg/mL, respectively [5] .
Previous research works showed that there is considerable difference in fatty acid profile of sperm cell membrane. In most mammals, DHA (C22:6 n-3) is the dominant PUFA, although, in several species, DPA (C22:5 n-3) predominates. Jain and Anand [5] observed that buffalo spermatozoa contained nearly equal distribution of saturated (47.8%) and unsaturated (49.8%) fatty acids and there were high levels of PUFA. More than 70 percent of the total unsaturated fatty acids were PUFA, mainly DHA (C22:6n-3) except in the neutral lipids where it was arachidonic acid (C20:4n-6). Paulos et al [47] reported that proportion of unsaturated fatty acids were quite high (71%) in ram spermatozoa. Among these unsaturated fatty acids, DHA was also predominant with 56 percent. In contrast, goat spermatozoa have very high proportion (w/w, 67%) of saturated fatty acid chains linked to the phospholipid fractions [48] . While there is a very low proportion of C22:5n-3 (2%) and C22:6n-3 (4%) fatty acids and the major unsaturated fatty acids are C18:1n-9 and C18:2n-6. In general, the PUFA composition of spermatozoa are the derivatives of linoleic (C18:2n-6) and linolenic (C18:3n-3) acids which are normally present in the diet and are converted into their long-chain derivatives by a series of elongation and desaturation reactions (Figure 1 ). More interestingly, percentage of essential fatty acids and PUFA in reproductive tissue such as sperm membrane can be modified with diets [13] [14] [15] [16] .
Energy source for sperm activity Sperm activity is its ability to move or swim in semen or reproduction tract in female, which needs a lot of energy supply. Fructose has been known as major source of energy for sperm activity. Nevertheless, phospholipids are probably used for energy production in spermatozoa in the absence of oxidisable soluble carbohydrate [50] . An investigation performed by Hartree and Mann [51] revealed that incubation of ram semen in the absence of any exogenous substrate, resulted in spermatozoa oxidising the long chain fatty acid resides from phosphatidyl choline which is a principal phospholipid of spermatozoa. Lardy and Phillips [52] suggested that in the absence of carbohydrate, bull spermatozoa appeared to derive their energy from the oxidation of intracellular phospholipid, as the phospholipid content of washed bull spermatozoa decreases markedly on aerobic incubation [3] .
Contribution to production of male sexual hormone and capacitation ability of sperm Steroids include cholesterol, derived sterols and sex hormones. Free cholesterol and phospholipids comprised around 80% of sperm lipids [53] . Cholesterol is the most important sterol of animal cell membranes [39] and acts as a key substrate for the testosterone biosynthesis of leydig cells from the testis interstitial tissues, which regulate reproductive activities in male animals including spermatogenesis, secondary sexual characteristics, behavior effects and metabolic effects. Cholesterol also plays a crucial function in altering spermatozoa plasma membrane permeability/fluidity, which may affect its capacitation and fertilization. Cholesterol efflux from sperm membrane causes changes in its architecture, increased bilayer permeability and fluidity that give rise to the capacitated state of the sperm cells [54] . According to Kadirvel et al [55] , the event of cholesterol efflux directly or indirectly alters the membrane fluidity and permeability, leads to increased intracellular calcium concentration, which may induce [5] . PUFA which are concentrated in the head and tail membrane regions of spermatozoa have been shown to play an important role in both sperm capacitating and the interaction between spermatozoa and uterine surface environment [53] . Moreover, PUFA are associated with fatty acids and cholesterol synthesis through gene expression. It has been known that the steroidogenic acute regulatory (StAR) protein regulates the rate-limiting step in steroid biosynthesis, for example, the transport of cholesterol from the outer to the inner mitochondrial membrane during the process of testosterone synthesis [56] . PUFA such as arachidonic acid and its metabolites affect steroidogenesis via direct effects on StAR gene. Impact of PUFA on reducing expression of genes involved fatty acid and cholesterol synthesis via binding and inactivating UBXD8; an endoplasmic reticulum (ER) membranebound protein that facilitates the degradation of insulin induced gene, which normally sequesters the sterol regulatory element binding protein (SREBP) cleavage activating protein (SCAP)-SREBP complex in the ER and prevents its activation; thereby inhibiting proteolytic processing of SREBP1 and resulting in alteration of fatty acids and cholesterol synthesis. PUFA also act as ligands for peroxisome proliferator activated receptors (PPARs), which are transcription factors of members of the superfamily of nuclear hormone receptors including receptors for steroid hormone. Activation of PPARα by PUFA leads to stimulation of fatty acid catabolism [56, 57] .
Provision of precursors for synthesis of prostaglandins
Both n-3 and n-6 PUFA provide the precursors for prostaglandin (PG) synthesis and can modulate the expression patterns of many key enzymes involved in both prostaglandin and steroid metabolism. There is considerable evidence that PUFA are capable of influencing biosynthetic pathways involved in both prostaglandin synthesis and steroidogenesis [7, 58] , which have multiple roles in the regulation of animal' s various functions including reproduction [53] . The linoleic (C18:2n-6) acid is converted to arachidonic (C20:4n-6) acid, which is a precursor for the 2-series of prostaglandins (PGE 2 , PGF 2α etc.), whereas the linolenic (C18:3n-3) acid is converted to EPA, a precursor of the 3-series of prostaglandins (PGE 3 , PGF 3α etc.). Also, EPA can be elongated and desaturated to DHA, which is not a precursor for prostaglandin synthesis, but is an important component of membranes [7] . The proportion of different PUFA in the diet alters cell membrane phospholipid composition and this becomes quantitatively significant because the precursors of each group of PGs compete for the same enzyme systems for metabolism [59] .
Prostaglandin E and 19-hydroxy-prostaglandin E are related to sperm motility [53] . Among PGs, PGF 2α is known as a key hormone playing an important role in male reproduction. PGF 2α acts directly on the contractile tissues of the testicular coats and epididymis causing an increased rate of sperm passage from the epididymis to the deferent ducts [60] . Several experiments in vitro demonstrated that use of PGF 2α may increase the number of sperm in a collection by enhancing sperm movement from the epididymis to the deferent duct, where they are available for ejaculation [61] , or causes a prolongation of concentration of the luteinizing hormone (LH) and testosterone in bull [62] . Also, Olfati et al [63] revealed that PGF 2α could be used to enhance spermatozoa numbers in the ejaculate of Arkhar-Merino cross- bred ram semen in the non-breeding season. Ram seminal plasma is rich in PGF 2α and this hormone has been shown to be of importance to sperm transport in the ewe's cervical canal [64] .
EFFECT OF POLYUNSATURATED FATTY ACIDS ON PRODUCTION OF HORMONE AND TESTIS DEVELOPMENT
Fatty acids are components of the phospholipid layer of cell membranes and may affect the membrane property and interactions between membrane components [12] . In males, activity of reproductive system involves the hypothalamic-pituitary-testicular axis, which controls hormones involving testicular development and spermatogenesis. It has been shown that PUFA [65, 66] or their derived eicosanoids [67, 68] has a straight relation with this axis. Hence, the effects of dietary PUFA on the secretion of gonadotropin-releasing hormone (GnRH), LH, and follicle stimulating hormone (FSH), and the responsiveness of these cells to hormonal production, may be worthy of investigation [69] .
Esmaeil et al [70] investigated the effects of several dietary fatty acids on semen quality and blood parameters in rams supplemented with 35 g per day by palm oil (high in C16:0), sunflower oil (high in C18:2 n-6) and fish oil (high in EPA 20:5 n-3 and DHA 22:6 n-3). Results showed that rams which received fish oil had the total highest testosterone concentration in the blood (11.3 ng/mL) compared with those fed sunflower oil (10.8 ng/ mL) and palm oil (10.2 ng/mL) during the experiment. This finding indicated that fish oil (high in n-3 PUFA) supplementation in diet possibly affected phospholipid composition in plasma membranes of the testes, altered the expression and affinity of gonadotropin receptors and influenced the rate of testosterone synthesis. In contrast, dietary soybean oil (high in C18:2 n-6) and fish oil supplementation at level of 2% dry matter (DM) to control did not significantly affect the testosterone concentration among treatments in male growing kids [15] . However, fish oil diet significantly elevated the testicular growth measurements (circumference, volume, width, and length), seminiferous tubule and lumen diameter, leydig cell, sertoli cell, spermatogonia cell, and spermatocyte cell counts as well as absolute fresh testis masses at slaughter compared to control or soybean oil diets. This indicated fish oil diet, high in n-3 PUFA, had positive influence on gonad development and when dietary DHA level increased, better gonad development could be observed. It is likely that the incorporation of n-3 PUFA from fish oil diet affected the testis development through its impact on hypothalamo-pituitarygonadal axis. Based on previous data, there have been a lot of evidence approving the relationship of this axis with the testis development in male via the activity of FSH and LH. Hormone FSH is considered as the main mitogenic factor responsible for sertoli cell divisions [71, 72] and LH as main factor affecting differentiation and maturation of the leydig cell population [73] . According to Chandolia et al [74] , GnRH treatment hastened the onset of puberty, increased sertoli cell counts, sperm output, and testicular weight. Bagu et al [75] concluded that treatment of bull calves with bFSH increased testicular growth, hastened onset of puberty, and enhanced spermatogenesis.
It has been suggested that insulin-like growth factor I (IGF-I) is one of the important factors for germ cell development, maturation and the motility of the spermatozoa [76] . A recent study focusing on improving the quality of buffalo spermatozoa by addition of IGF-I in vitro, Selvaraju et al [77] reported that IGF-I improved sperm viability and motility by acting as an antioxidant and maintaining functional membrane integrity. Interestingly, PUFA are known to be associated with IGF-I in regulation of testicular development. Fair et al [78] demonstrated that the high n-3 PUFA fish oil supplemented rams had higher IGF-I concentrations on week 9 (after feeding 64 days) compared with the control ram group adding saturated palmitic acid (PA). This finding agrees with Robinson et al [79] , who reported PUFA feeding increased IGF-I level in body fluids of bovine. The most concerned issue here is whether IGF-I is produced by reproductive tissues or not and how PUFA influences the IGF-I production in these tissues, because the local production of IGF-I plays a major role in the growth of tissues [80] , thereby may affect the proliferation of precursor Leydig cells (LCs), establishment of a normal number of adult LCs, and proper steroidogenesis [81] . The testis secretes IGF-I [82] , the presence IGF-I in bovine seminal plasma (BSP) and the expression of IGF-I receptors in the spermatogonia, spermatocytes, spermatids, and spermatozoa was reported [83] . So far, the mechanism that PUFA may affect the IGF-I concentration in testis tissue has been not elucidated yet.
EFFECT OF POLYUNSATURATED FATTY ACIDS SUPPLEMENTATION WAYS ON MODIFICATION OF MEMBRANE FATTY ACIDS AND QUALITY OF SPERMATOZOA Polyunsaturated fatty acids added to semen extender
Cryopreservation is known to produce a deleterious effect on the motility, viability and membrane status of spermatozoa [84] . PUFA are capable of modifying fatty acid profile of sperm membrane, thereby can affect sperm quality, especially under cold shock or cryopreservetion conditions [85] . Various studies conducted on different animal species to assess such impact of PUFA on sperm quality as it is directly added in semen extender (Table 2) . However, effect of PUFA on sperm resistance to cooling and freezing procedures through change of membrane characteristics is controversial, and may be related to the type of PUFA content as well as compositions added to semen extender.
Abavisani et al [20] studied the potential protective effects of n-3 PUFA on bovine sperm quality in response to cooling and www.ajas.info
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Tran et al (2017) Asian-Australas J Anim Sci 30:622-637 cryopreservation, three different concentration of omega-3 PUFA (1%, 2.5%, and 5%) in combination with polyethylene glycol were added to the semen extender. Results showed that no improvement of motility, viability of bovine sperm was observed after 24 and 48 hours of semen storage in cold and frozen-thawed conditions. Authors concluded that the addition of n-3 PUFA directly to semen extenders is not effective in protecting the sperm membrane in response to cooling and freezing. Similarly, Kandelous et al [86] observed the addition of omega-3, 6, 9 fatty acids to the basic extender did not enhance the resistance of the bovine sperm membrane to cooling and freezing-thawing and that further studies are required to find suitable candidate compounds that can boost the quality of semen that is chilled and freeze-thawed. Conversely, Kaka et al [87] reported that the addition of n-3 PUFA (5 ng/mL) to Tris extender improved quality of frozen-thawed bull spermatozoa. The percentage of viable sperm and sperm with intact membrane was higher in treatment added to 5 ng/mL of n-3 PUFA than four other groups to which 0, 5, 10, and 15 ng/mL of n-3 PUFA were added, respectively. In addition, concentration of n-3 PUFA and lipid peroxidation in post-thawed sperm was higher in all treated groups than control group. This finding indicated that the n-3 PUFA concentration added to semen extender is very important, which contributed to the improvement in total motility, viability and membrane functional integrity due to increase in membrane fluidity and resistance against cooling and freezing. However, at higher level of concentrations did not produce better sperm characteristics may be because of the presence of more fatty acids that make mammalian sperm susceptible to lipid peroxidation [90, 91] . It is noteworthy that the effects of fatty acids on sperm quality may vary due to the sources of fatty acids, types of fatty acid and solvent used as well as the amount of fatty acids incorporated into the extender [86, 87, 92] .
Mammalian spermatozoa are quite sensitive to lipid peroxidation, due to the phospholipid content of sperm membranes with their high PUFA side chains [90] . Seminal plasma provided some protection against peroxidation via its constituent antioxidants [93] . However, dilution of semen reduces antioxidant availability for sperm. Also, supplementing semen extender with PUFA during cryopreservation increases production of reactive oxygen species (ROS), which attack the double bonds of PUFA [94] . Therefore, the incorporation of an antioxidant into semen extender is beneficial [88] .
In a trial conducted in Brown Swiss bulls, semen was divided into 12 groups including 4 levels of n-3 PUFA (0, 1, 10, 100 ng/mL) and 3 levels of Vitamin E (0. 0.2, 0.4 mM), Towhidi and Parks [19] found that the incorporation 10 ng/ml of n-3 PUFA into semen extender during cryopreservation increased DHA and the ratio of n-3 to n-6 PUFA in sperm before freezing and after thawing, resulting in a significant increase in motility and viability of sperm. The higher level of n-3 fatty acids (100 ng/mL) actually decrease post-thawed sperm quality. This finding indicated that 10 ng/mL was adequate quantity to protect sperm during cryopreservation in bulls. A decrease in sperm quality at 100 ng/mL of n-3 PUFA may be due to excess of PUFA actually promoting oxidation by contributing ROS that damage sperm membrane. In agreement with these data, optimal sperm quality after freezing and thawing was observed in extender that included 0.4 mM vitamin E. Hence, the highest level of α-tocopherol might be more beneficial when a higher level of PUFA is supplemented. Overall, combining the optimal level of n-3 PUFA (10 ng/mL) with the highest level of vitamin E (0.4 mM) in semen extender changed the membrane lipid composition and improved freezability of sperm. This result is in agreement with studies in bulls by Nasiri et al [88] and in rams by Towhidi et al [89] , who reported that semen extender added 10 ng/mL of n-3 PUFA accompanied with vitamin E as an antioxidant at level of 0.2 mM or 0.4 mM could improve cryosurvival of sperm via altering sperm membrane lipid composition.
Polyunsaturated fatty acids added to diet
Gulliver et al [95] reviewed the role of n-3 PUFA on reproduction in sheep and cattle and suggested that direct feeding studies in ruminants to evaluate the effects of n-3 PUFA on male fertility Table 2 . Effect of supplementation with polyunsaturated fatty acids in semen extender on sperm quality
Reference

Species Fat source Percent in extender Effect
Kandelousi et al [86] Bull n-3, 6, 9 fatty acids 1%, 2.5%, and 5.0% Non-improvement of the sperm motility in chilled storage condition and after freezing-thawing Abavisani et al [20] Bull n-3 fatty acid 1%, 2.5%, and 5.0% No improvement of sperm resistance to cooling and cryopreservation sperm Kaka et al [87] Bull n-3 fatty acid 3, 5, 10, and 15 ng/mL Significantly improved sperm quality post-cooling and post-thawed Towhidi and Parks [19] Bull n-3 fatty acid and α-tocopherol 1, 10, 100 ng/mL and 0.2, 0.4 mM Changed the membrane fatty acids composition, and improved freezablity of sperm. Increased DHA and the ratio of n-3 to n-6 fatty acid in sperm both before freezing and after thawing Nasiri et al [88] Bull n-3 fatty acid and α-tocopherol 0.1, 1, 10 ng/mL and 0.1, 0.2 mM Increased DHA percentage before freezing and after thawing, thereby improve cryosurvival of sperm via altering membrane lipid composition Towhidi et al [89] Ram n-3 fatty acid and α-tocopherol 0.1, 1, 10 ng/mL and 0.1, 0.2 mM
Significantly improved the in vitro characteristics of post-thawed sperm are required. There have been a lot of studies performed in various species including ruminants and various reports have been published (Table 3 ). In general, PUFA are major component of the sperm cell membranes and thus the major mechanism that PUFA can affect the sperm quality is associated with membrane physiological characteristics. The incorporation of PUFA into diet is able to cause alteration of fatty acid profile of sperm plasma membrane and results in improved sperm quality. Kelso et al [6] reported that PUFA play a major role in the sperm's lipid metabolism, motility and ability to fuse with the oocyte. A decrease in percent of n-3 PUFA in sperm lipids is accompanied by a decrease in sperm number and motility in ejaculates of aged bulls.
Other studies in Holstein bulls [99] , goat bucks [53] and rams [16] showed the inclusion of n-3 source in the daily diet improved the sperm quality either fresh or cryopreservation.
In the study carried out by Adeel et al [98] on Nili-Ravi buffalo bulls fed with three sources of fat (a balanced ration, a sunflower oil supplemented ration [SFO] and a whole sunflower seeds supplemented ration [SFS]) for 63 days indicated that inclusion of sunflower oil or whole sunflower seeds up to 1% of dry matter intake (0.13 kg of fat per day) can safely be used for breeding buffalo bulls without any adverse effects on fresh and frozenthawed semen quality. Motility and plasma membrane integrity (hypo-osmotic swelling [HOS]) of post-thawed spermatozoa were higher in bulls fed the sunflower-enriched diets compared to control. This result indicated that SFO or whole SFS reduced the adverse effects of cryopreservation on sperm plasma membrane, which is supported by Khan and Ijaz [100] , who reported that the damage to sperm plasma membrane mostly occurring during cryopreservation is one of the major reasons of reduced motility of frozen-thawed spermatozoa. This result is in agreement with Milovanov and Golubj [101] , who observed feeding of soya bean oil, high in LA, improved post-thaw motility in rams.
Calisici [102] studied the effects of dietary supplementation of omega-3-fatty acids (800 g/d coated alpha linolenic acid [ALA] and 400 g palmitic acid [PA]/d) on sperm quality of Holstein Friesian bulls before and after cryopreservation and found that feeding ALA increased the content of DHA in ALA bulls whereas the DHA content in PA bulls did not change. Recently, Moallem et al [13] studied the rate of incorporation of various dietary omega-3 fatty acids into bull sperm and the effects on the physiological parameters of fresh and frozen-thawed semen. Bull diets were supplemented with saturated fatty acid (360 g/d/bull), flaxseed oil (450 g/d/bull providing 84.2 g/d C18:3n-3) and fish oil (450 g/d/bull providing 8.7 g/d C20:5n-3 and 6.5 g/d C22:6n-3). Results showed that the incorporation of n-3 fatty acid into sperms was first expressed on the 6th week of supplementation. Motility and progressive motility in frozen-thawed semen was higher in the flaxseed oil group than in the fish oil and saturated fatty acid groups (55.5% vs 50.9%, 47.7%, and 43.4% vs 38%, 37%, respectively). Interestingly, this study indicated that in spite of the highest DHA content in the fish oil bulls, the improved sperm quality was lower in fish oil bulls than that in flaxseed bulls. According to Lyberg et al [103] , DHA is highly sensitive to oxidation, thus, it might be that the high proportion of DHA in the sperm of fish oil (FO) bulls exceeded the optimal level for preventing oxidation damage, and therefore precluded the improvement in quality parameters of sperm in these bulls compared with that of the flaxseed oil group. Also, the ratio of n-6 to n-3 PUFA was significantly decreased in the fish oil supplemented bulls compared to saturated fatty acid and flaxseed oil group (0.5% vs 1.01% [16] Ram Fish oil 3% Increased the proportion of DHA in sperm fatty acid composition, improved sperm concentration and motility Jafaroghli et al [17] Ram Fish oil and Vit. C 2.5% and 300 mg/kg Improved seminal quality, increased motility, HOS and percentage of sperm with normal acrosome Esmaeili et al [70] Ram Palm oil, sunflower oil, fish oil 35 g/d Improved prefreezing semen characteristics after thawing, 35 days after the removal of fatty acid source, the percentage of C22:6 was highest in the fish oil treated group Alizadeh et al [97] Ram Fish oil and Vit. E 2.5% and 0.5% Dietary FO had significant positive effects on all sperm quality and quantity parameters compared with the control during the feeding period Dolatpanah et al [53] Goat Fish oil and Vit. E 2.5% and 0.3 g/kg DM Improved testes development enhanced the quality and quantity of goat semen Fair et al [78] Ram Protected fish oil 2% Increased semen concentration but no effect on other semen quality parameters including semen volume, wave motion, and progressive linear motion Adeel et al [98] Buffalo Sunflower oil, sunflower seed 1% Improved the quality of sperm including motility and HOS of postthawed sperm Moallem et al [13] Bull and 0.66% respectively). This finding is in agreement with [102] . Generally, the incorporation of DHA into sperms causes improved survival, motility, progressive motility of frozen-thawed sperm. Alteration of fatty acid composition of sperm, especially DHA due to dietary PUFA variation is presented in Table 4 . It is noteworthy that dietary n-3 PUFA must be fed during the early stages of spermatogenesis for it to be incorporated into sperm lipids [16] . In contrast to above results, Fair et al [78] observed that dietary supplementation with fish oil at 2% of the total diet in rams successfully modified the plasma n-6:n-3 ratio, but had limited effects on the corresponding sperm fatty acid profile. Although dietary supplementation with fish oil increased semen concentration it had no effect on the quality of liquid stored semen. This is in agreement with De Graaf et al [96] , who reported that rams supplemented with 5% of sunflower oil, high in LA, did not improve the cryosurvival of ram spermatozoa.
According to Gholami et al [104] , heat stress has detrimentally decreased sperm quality parameters in Holstein bulls and the dietary omega-3 supplementation or its precursors, improved in vitro quality and motility parameters of fresh semen. However, this effect was not obvious in frozen-thawed semen. PUFA are associated with increased oxidative stress, which can reduce semen quality [7] ; therefore, several mechanisms need to be considered when examining the overall effects of n-3 PUFA. In goats, Dolatpanah et al [53] implemented the study of evaluating the effects of dietary supplementation with fish oil (2.5% DM) and vitamin E (0.3 g/kg DM) on semen quality, results from this study showed that fish oil supplement to diet could improve the quality and quantity of goat semen and also emphasized the importance of adequate dietary vitamin E in preventing peroxidative reactions. The purpose of vitamin E supplementation was to prevent any peroxidation of the PUFA, which could potentially reduce the level of the DHA in the sperm phospholipids, and decreased production of free radicals which damage animal tissues [105] . Similar results were found in rams by Alizadeh et al [97] . Also, Jafaroghli et al [17] observed that rams fed fish oil at level of 2.5% DM accompanied with 300 mg of vitamin C/kg DM had a significant increase of the proportion of DHA in spermatozoa, motility, HOS and percentage of sperm with normal acrosome, which may have beneficial effects on fertility. It has been known that PUFA and cholesterol are the main targets for free radical (ROS) damage, and an inverse relationship between lipid peroxides and sperm motility has been clearly demonstrated [106] . Spermatozoa membrane of bulls and rams contains high PUFA resulting in more susceptible to ROS that leads to declined sperm mobility, viability and sperm-oocyte fusion due to a reduction in axonemal protein phosphorylation [107] . Interstingly, ROS induces capacitation and acrosome reaction of sperm [108, 109] but excessive ROS is detrimental to sperm motility [110] due to hydroxyl radical formation which causes oxidation of sperm membrane lipids and thiol proteins [111] . Therefore, dietary supplementation with antioxidants such as vitamin E, C contributes to making a balance between the production of ROS and the antioxidant capacity against damage caused by free radicals to PUFA of sperm plasma membrane.
In the light of recent sperm proteomic studies, it has been found that there is a relationship between antioxidant related proteins and sperm motility and fertility [112, 113] , which may be associated with PUFA. These proteins, which includes glutathione peroxidase (GPx), glutathione S-transferases, superoxide dismutase (SOD) and catalase, are main antioxidant enzymes in mammalian cells. There was a tendency for a correlation between SOD activity in seminal plasma and DHA content in sperm [102, 114] , while GPx was in tendency associated with LA [102] . A decrease in PUFA content was related to decreased antioxidant levels (GPx and SOD) in seminal plasma of aging bulls during reproductive period [6] . Recently, a lot of protein markers have been identified in mammal sperm and some have association with capacitated sperm and fertility. Park et al [115] identified a set of fertility-related proteins in bull spermatozoa, among found protein markers, enolase 1 (ENO1), voltage dependent anion channel 2 (VDAC2) and ubiquinol-cytochrome-c reductase complex core protein 2 (UQCRC2) were significantly correlated with individual fertility. It is important to note that UQCRC2, subunits of the respiratory chain protein ubiquinol cytochrome c reductase, are associated with oxidative stress and the generation of ROS in mitochondria [116, 117] , UQCRC2 deficiency induces ROS production [118] . Additionally, Manjunath and Therien [119] found that the BSP proteins, which bind to sperm plasma membrane phospholipids specifically phosphatidylcholine, phophatidylcholine plasmalogen and sphingomyelin, stimulated cholesterol and phospholipid efflux from the sperm membrane. Thus, it is possible that there is a close relationship between BSP proteins and sperm membrane PUFA in regulating sperm capacitation. A recent study reported that ubiquinol cytochrome c reductase regulates tyrosine phosphorylation during capacitation and the acrosome reaction in boar spermatozoa [112] . However, the mechanism of interaction between some protein makers found and PUFA in regulating oxidative stress and capacitation of sperm has been yet elucidated and need further studies.
From the above discussion, it is clear that dietary PUFA supplementation have significant effects on the testis development as well as on the quality of fresh semen and sperm and post-thawed sperm. There have been, however, several conflicting results, which may be due to difference in dietary sources of fat, n-3:n-6 PUFA ratio and various characteristics of fatty acid composition of semen and sperm in ruminant species.
STRATEGIES FOR USING POLYUNSATURATED FATTY ACIDS IN ENHANCING REPRODUCTION PERFORMANCE OF MALE RUMINANTS
The n-3 and n-6 PUFA cannot be synthesized by vertebrates and therefore must be provided through the diet, either in the form of 18-carbon plant precursors (linolenic acid or LA) or derivatives of 20 to 22 carbons found in animal tissues. The transfer of dietary PUFA to sperm has been shown to be effective in ruminants species [13, 19] . The diet of ruminants typically contains 4% to 5% fat. Higher levels may adversely affect rumen microbial fermentation so the general recommendation is that total dietary fat should not exceed 6% to 7% of dietary DM [120, 121] . Primary sources of lipid in the ruminant diet are forages and concentrates, although the lipid content can be increased by the use of fat supplements. Forages generally are low in total lipid, but a high proportion (>50%) of the fatty acids in forages are n-3 PUFA. Because forage constitutes a large part of the diet of grazing ruminants, fresh forages often are the major dietary source of n-3 PUFA. Depending on the species of grass, the fatty acids composition varies with 55% to 70% as n-3 PUFA and 10% to 20% as n-6 PUFA. Cattle fed grass would have received a high proportion of the PUFA as n-3 PUFA while the short term grainfed and long term grain-fed groups would have a high proportion of n-6 PUFA in their diets [122] . However, dry matter of green fodder is low, which leads to total amount of PUFA in ruminant ration is not much as well. Among the different fatty acid sources, which are rich in PUFA, plant-derived oils such as sunflower, safflower, linseed and soybeans are of considerably significance in improving reproductive performance due to their high content of essential fatty acids. Vegetable oil have high PUFA content, especially n-3 PUFA is linseed oil (Table 5 ). Fish oil is also considered as an ideal source of n-3 PUFA (high in EPA 20:5 n-3 and DHA 22:6 n-3) in ruminant diets due to a portion of the n-3 fatty acids of fish oil escapes biohydrogenation in the rumen [123] . A major challenge in increasing the PUFA content of ruminant tissues differ considerably from those of non-ruminants as the ruminal microorganisms are able to transform unsaturated fatty acids in a process called biohydrogenation, in which hydrogen addition via microbial enzymes removes double bonds in a fatty acyl chain converting PUFA to saturated FAs. Microbial biohydrogenation of n-3 and n-6 PUFA by an anaerobic rumen bacterium Butyrivibrio fibrisolvens is highly dependent on rumen pH. Depending on conditions in the rumen, various proportions of stearic acid and trans intermediates are produced from LA [35] . This biohydrogenation can leads to the loss of PUFA amount in diets. Therefore, there has been considerable interest during the past years in finding ways to protect dietary unsaturated fatty acids from biohydrogenation (rumen bypass fat). These methods include formaldehyde treatment of a lipid-protein matrix [124] , microencapsulation with a water insoluble lipid coating [125] , preparation of fatty acid amides [126] , and formation of Ca salts of fatty acids [127] . Of these calcium salts has been known the best effectiveness. Nowadays, a lot of its commercial products have been produced and used for livestock around the world. The mechanism whereby Ca-salts provide "protection" from rumen digestion is related to the inertness of the Ca-fatty acid complex in the typical rumen environment. Calcium salts of long chain fatty acids (Ca-LCFA) are insoluble soaps produced by reaction of carboxyl group of LCFA and calcium salts (Ca ++ ). Degree of insolubility of the Ca soaps depends upon the rumen pH and type of fatty acids. When rumen pH is more than 5.5, Ca-LCFA is inert in rumen. As dissociation constant (pKa) of Ca-LCFA is 4 to 5, dissociation is significant, when pH decreases to 6.0. In acidic pH of the abomasum, fatty acids is dissociated from Ca-LCFA and then absorbed efficiently from small intestine. Therefore, factors such as low rumen pH and increased unsaturation of the fatty acid can lead to dissociation of the Ca-fatty acid complex allowing biohydrogenation to occur [34] . The dissociation of calcium soaps of long-chain fatty acids in rumen fluid was maximum at pH 5.0, minimum at pH 6.5, and dependent on unsaturation of fatty acids in the soaps. Soluble calcium in the acetate-buffered rumen fluid was higher than predicted from pKa of calcium soaps, due to formation of soluble calcium acetate; nevertheless, the relative patterns were similar to their pKa values [128] . Among all forms of bypass fat, Ca-LCFA is relatively less degradable in rumen, has highest intestinal digestibility and serve as an additional source of calcium [129] .
In adition to the sources and types of PUFA supplements, the quantity and ratio of n-6/n-3 PUFA is necessary to have proper concern. It is thought that both man and livestock species evolved on a diet with an n-6 to n-3 PUFA ratio of 1:1, but modern dietary trends have increased this ratio. For example, in westernized human populations this ratio now ranges from 10:1 to 25:1 [130] . Many researchs conducted to evaluate effects of PUFA on reproductive performance in ruminant species such as in ram [70, 78] ; buffalo [98] , bovine [13] and obtained expected results. However, there is little information about the effect of optimum n-6/n-3 ratios on male ruminants. Am-in et al [131] pointed out that the ratios of n-6/n-3 PUFA in boar sperm were negatively correlated with sperm motility, viability, normal morphology, and normal plasma membranes, which suggested that the appropriate ratio of n-6/n-3 PUFA in males is important for sperm quality. It is supported by Liu et al [132] , who demonstrated the optimum ratio in boars was 6.6. Similarly, Yan et al [133] revealed that a balanced n-6/n-3 ratio was important in male rat reproduction and the optimum ratio of n-6/n-3 PUFA in rat diets was 0.66 in comparison with four others (7.69, 2.50, 1.18, and 0.35 respectively). In spite of having less data in order to demonstrate this optimum ratio in male ruminant reproduction, several studies showed the ratio of n-6/n-3 PUFA which had positive impact on improving the quality of ram sperm was 0.96 [16, 17] and that of bull sperm was 2.01 [13] and 2.39 [14] . It is interesting thing in the finding of Moallem et al [13] is that the ratio of 2.01 had better influence on the sperm quality in comparison with the ratio of 3.96 [13] . Thus, it is really necessary to implement further researches for elucidating the issue in male ruminants.
The dietary supplementation with PUFA can be an optimum option for improving reproductive performance of male ruminants. However, another way is direct supplementation of PUFA in semen extender. The most thing is here that the combination of vitamin E or vitamin C as antioxidants along with PUFA is very crucial in practice to protect damage of sperm membrane from attack of ROS. Moreover, doses of PUFA and vitamin E added in semen extender is needed to adjust to an accurate level. For example, this ratio in bull is 10 ng/mL of n-3 PUFA and 0.4 mM of vitamin E [19] , while in ram is 10 ng/mL of n-3 PUFA and 0.2 mM of vitamin E [89] .
DIFFERENCE OF USING POLYUNSATURATED FATTY ACIDS IN MALE NON-RUMINANT AND RUMINANT REPRODUCTION
The male non-ruminants, similar to male ruminants, require certain essential fatty acids such as n-3 and n-6 PUFA that must be supplied in diet because they do not have an enzyme system capable of synthesizing these fatty acids in the body. Various experiments carried out in boars [92, 132] , chicken [69] , quails [136] , rabbit [25] and rat [133] indicated that PUFA have the same role and effect on male reproductive performace as in male ruminants (Table 6 ). In general, dietary supplementation with PUFA in male non-ruminants, with proper quantity and n-6/n-3 PUFA ratio according as every species, can lead to modification of fatty acid profile of sperm, improvement of the semen quality and reproductive performance. Also, incorporation of antioxidants such as vitamin E in diets can contribute to better antioxidant status of semen, resulting in improved sperm quality. Several conflicting results are mainly due to large variation in type and quantity of dietary fats, especially n-3 and n-6 PUFA as well as different species. Doing the comparison between ruminants and non-ruminants, major difference is due to conversion of dietary PUFA to cell tissues. It is well known that lipid digestion is different in nonruminant and ruminant, which has an important effect on the transfer of fatty acids from the diet into the cell tissues. The principal site of digestion of dietary lipids in non-ruminants is small intestine where pancreatic lipase breaks the triacylglycerols down to mainly 2-monoacylglycerols and free fatty acids and absorbed mediated by lipoprotein lipase enzyme after the micelle formation, which is widely distributed throughout the body. Therefore, dietary fatty acids in the non-ruminant are absorbed unchanged before incorporation into the tissue lipids [137] . It is clear that the supply of unsaturated fatty acids such as PUFA to cell tissues in non-ruminants may be simply increased by increasing their proportion in the diet. In addition, non-ruminant diets are high in concentrate feed and low in green fodder, which results in higher proportion of n-6 PUFA as compared to n-3 PUFA, thus it is necessary for adding n-3 PUFA in diet to balance the ratio of n-6/n-3 PUFA according as every species. 
CONCLUSION
PUFA are critical nutrients which play an important role in maintaining the physical properties of the sperm membrane fluidity. Dietary supplementation with PUFA can alter fluidity/ permeability of sperm membrane and enhance reproductive perfor mance in male ruminants thought improving testis development, spermatogenesis, motility and viability of sperm before and post freezing. Combination of PUFA and vitamin E, C in diets and semen extender at level of proper amount according to each species may bring better effect on improvement of sperm quality thanks to their capacity of antioxidant and protection of sperm membrane integrity. The use of PUFA in ruminant ration is very useful; however, biohydrogenation occurring in rumen can cause loss of intact PUFA in the diet due to alteration from unsaturated fatty acids to saturated fatty acids. In this case, use of protected fat or bypass fat is an optimum way of protecting PUFA integrity. PUFA are associated with activity of hormones such as LH, FSH, testosterone, PGF2α, IGF-1. Fluctuation of these hormone concentration can affect reproductive health in male animals through biological mechanisms.
It is necessary to conduct further researchs to make clear about the effect of optimum n-6/n-3 ratio on various male ruminants, thereby contribute to modifying their diets in practice and achieve maximum effect on reproduction.
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